The host-parasite relationship in human visceral leishmaniasis remains poorly understood. In the present study, pathophysiological and 
27.7, 13.9, and 15.8% of controls. Decreased phytohemagglutinin responses could not be related to reductions in splenic T cells; however, splenic B cells and macrophages were increased at 8 weeks of infection. The course of L. donovani infection and disease in BALB/c mice resembles events occurring in humans and should prove useful in defining mechanisms of immune alterations in visceral leishmaniasis.
Current knowledge of the mechanisms of host resistance and disease in human visceral leishmaniasis is limited partly because of the absence of animal models in which these features can be systematically examined. The causative organism, Leishmania donovani, has been shown to infect several animal species with differing degrees of susceptibility (28) . Rabbits and rats are resistant and rapidly eliminate the organisms, whereas gerbils and guinea pigs permit an early increase in leishmania numbers but then eliminate or control their proliferation. In contrast, infection of golden hamsters (Mesocricetus auratus), chincillae, and cotton rats results in marked parasite proliferation and significant host mortality. Bradley et al. examined parasite proliferation in inbred strains of mice and found that acute susceptibility, defined as an eightfold or greater increase in visceral parasite burden during the first 2 weeks of infection, segregates with a locus on chromosome one (4, 5) . Furthermore, resolution of infection in susceptible mouse strains appears to be H-2 dependent (3).
Animals with the H-2 genotype H-2blb rlr. s's recover within 2 to 3 months, whereas those with H-2dld, q/q, ff genotypes sustain heavy infections without apparent healing. Most of these studies concentrated on parasite proliferation in the host but did not address other aspects of the host-parasite relationship.
In the present study, we examined the pathophysiological and immunological sequelae of L. donovani in a susceptible strain of mice (BALB/c). These animals developed hepatosplenomegaly, hypergammaglobulinemia, and specific antibody responses, but lacked evidence of specific delayed hypersensitivity. Furthermore, splenic responses to the nonspecific mitogen phytohemagglutinin (PHA) were significantly reduced in mice with 2 or more weeks of infection. On the other hand, responses to specific nonparasite-related antigens remained intact.
MATERIALS AND METHODS Infection of mice. The Sudan strain 2S of L. donovani (kindly provided by K.-P. Chang, Rockefeller REINER University, New York, N.Y.) used in this study was serially passaged in golden hamsters. Amastigotes were obtained by triturating heavily infected hamster spleen tissue in supplemented medium 199 (KC Biologicals, Lenexa, Kans.; LM-196; with 10% heatinactivated fetal calf serum, 100 U of penicillin per ml, 100 ,ug of streptomycin per ml, 300 ,ug of L-glutamine per ml, and 5.9 mg of N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES] per ml) in a Ten Broeck all-glass tissue grinder. The homogenate was pelleted twice (4WC and 55 x g for 2 min) to remove debris, and the supernatant containing amastigotes was recovered. Amastigotes were then collected in the pellet by centrifugation at 3,500 x g for 5 s. Contaminating erythrocytes were lysed with Tris-NH4Cl (9 volumes of 0.83% NH4CI to 1 volume of 0.17 M Tris [pH 7.2]) at 37°C, and amastigotes were washed in phosphate-buffered saline (PBS) with 2.0 mM EDTA (pH 7.4). The final pellet was suspended in divalent cation-free Hanks balanced salt solution. For enumeration of parasites, a portion of the amastigote preparation was mixed with an equal volume of a known concentration of turkey erythrocytes, dried on a glass slide, methanol fixed, and stained with Giemsa. Mice were injected with various doses of amastigotes via the tail vein in a volume of 0.5 to 1.0 ml. Control shaminfected mice were injected with equal volumes of a similarly treated homogenate of normal hamster spleen.
Course of infection and disease. Infected and control mice were regularly observed for changes in body weight and mortality. Groups were bled for measurements of hematocrit, leukocyte count (Coulter Counter), and serum levels of immunoglobulin G (IgG), IgM, and specific antileishmanial antibodies. IgG and IgM levels were measured by single radial immunodiffusion with the Fahey modification of the Mancini method (10, 20) . The IgG fraction of goat antimouse IgG (B101) and mouse immunoglobulin reference standard (J401) were purchased from Meloy Laboratories, Springfield, Va., and the IgG fraction of goat anti-mouse IgM (0211-0201) was purchased from Cappel Laboratories, West Chester, Pa.
Two and eight weeks after infection, mice were examined for measurement of spleen and liver size, and hepatic parasite burdens were quantitated by the method of Stauber (28 (9) . Antibody titers are expressed as the highest dilution of immune serum which resulted in a statistically significant greater absorption at 400 nm than control mouse serum at an equivalent dilution.
Preparation of antigens. A water-soluble promastigote antigen (PA) extract was prepared from organisms in the log phase of growth in vitro. Organisms were washed three times in PBS (pH 7.4), pelleted, resuspended in distilled water, and subjected to three freeze-thaw cycles to -70°C. The resulting suspension was sonicated three times at 1-min intervals, clarified by centrifugation (4,000 x g for 30 s), and the supernatant was lyophilized. Dried material was solubilized in PBS (pH 7.4) with stirring at 4°C.
Amastigotes, harvested from hamster spleens in the manner described above, were used to prepare a water-soluble amastigote antigen (AA). After two washes in PBS (pH 7.4), the pellet of amastigotes was resuspended in 9 volumes of distilled water and subjected to six freeze-thaw cycles to -70°C, followed by sonication three times. After centrifugation at 2,000 x g for 30 s, the supernatant was lyophilized, and the dried material was dissolved in PBS (pH 7.4; 4°C) with stirring over 24 h. The resulting suspension was spun at 10,000 x g for 30 s at 4°C to remove insoluble material. Protein contents of both antigen preparations were measured by the method of Lowry et al. (18) For elicitation of DTH, mice were ear challenged with the homologous stage antigen (PA, 1.0 pg/ear; AA, 10 p.g/ear) at 6, 9, or 13 days after parasite/CFA immunization. Ear swelling was determined 24 h later as described above. When determinations of in vivo ear swelling were completed, the inquinal and periaortic lymph nodes were removed for determination of antigen-induced DNA synthesis. Single cell suspensions of lymph node cells were washed in a balanced salt solution and cultured in tissue culture medium consisting of modified Click medium supplemented with 0.5% fresh syngeneic nonimmune mouse serum and 0.05% 0.2 M 2-mercaptoethanol (8) . Lymphocytes (4 x 105/well) in 0.2 ml of modified Click medium were dispensed into round-bottom microtiter plates (Costar). Antigens dissolved in PBS were added in 10-p.l volumes (0.5, 5.0, 50 p.g of PA or AA per ml). Control unstimulated wells received PBS.
[3H]thymidine incorporation was determined as described above for spleen cells.
Enumeration of splenic mononuclear ceH subpopulations. Splenic T and B cell numbers were determined in single cell suspensions by using fluorescein isothiocyanate conjugates of rabbit anti-mouse (C3H) brain (no. 8301-63; Litton Bionetics, Kensington, Md.) and the IgG fraction of goat anti-mouse immunoglobulins (Cappel; no. 12110231), respectively. Antisera were suspended in balanced salt solution with 5% fetal calf serum and used in dilutions of 1:5 to 1:10 to stain 5 x 106 cells per preparation. Splenic macrophages were enumerated in cytocentrifuge preparations stained for nonspecific esterase (17 8 weeks. These titers rose progressively to reach 1:80 by 3 months of infection.
The antigen preparations used for measurements of parasite-specific cellular immune responses were shown to possess antigenicity in independent assays, in which they elicited sensitization in normal mice immunized with either amastigotes or promastigotes in CFA. Responses to optimal immunizing doses of parasites are shown in Table 3 . Mice immunized with 106 L. donovani amastigotes and challenged on day 14 Table 4 . Responses for all groups of infected mice were not different from that of shaminfected control mice. Similarly, absent responses were observed when promastigote antigens were used for elicitation (data not shown).
The responses of splenic mononuclear cells to the nonspecific mitogen PHA when studied at 2 weeks of infection were depressed to 39.7, 32.8, and 51.8% of controls in recipients of 20 x 106, 4.0 x 106, and 0.8 x 106 amastigotes, respectively (Table 5) . PHA responses decreased further, to 15.8, 13.9, and 27.7% of controls, when studied again at 8 weeks.
Enumeration of subpopulations of mononuclear cells in spleens of mice at 2 and 8 weeks revealed that total numbers of T cells were equivalent in spleens of infected and control mice (Table 6) . At 2 weeks, the fraction of total cells in spleens of infected mice that were accounted for by immunoglobulin-bearing B cells was equal to that of control mice. Mice in all infected groups, however, had significantly increased numbers of splenic B cells by 8 weeks of infection: 46.8 ± 2.7, 51.5 ± 4.9, and 47.2 + 7.0, respectively, in mice infected with 20 x 106, 4.0 3.0 ± 0.4 a Value differs from the same group at 2 weeks and from that of 8-week controls at the 5 and 2% levels, respectively.
b Value differs from that of the same group at 2 weeks and from that of 8-week controls at the 0.1% level.
c Value differs from the same group at 2 weeks and from that of 8-week controls at the 0.5 and 2% levels, respectively.
d Value differs from that of the same group at 2 weeks and from that of 8-week controls at the 0.5% level. e Value differs from the same group at 2 weeks and from that of 8-week controls at the 0.5 and 5% levels, respectively.
x 106, and 0.8 x 106 amastigotes compared with control B cells of 34.0 + 7.2 (all significant at the 5% level or less).
The percentages of macrophages in splenic mononuclear cell suspensions, determined by counting cells morphologically consistent with macrophages and staining for diffuse cytoplasmic esterase, were equivalent in all groups of mice at 2 weeks of infection (Table 6 ). At 8 weeks of infection, however, mice infected with 20 x 106 and 4.0 x 106 but not 0.8 x 106 amastigotes had significantly increased numbers of splenic macrophages: 8.6 ± 1.3 and 9.5 ± 2.2 (Table 7) . Similarly, mice infected with 20 x 106 amastigotes were found to have a normal capacity to respond to a T-dependent non-parasite-related antigen shown by responses to SWM at 1, 6, and 8 weeks of infection (Table 7) . DISCUSSION Clinical and pathological observations suggest that the lack of an effective immune response is important in the dissemination of L. donovani within the human host. For example, parasitespecific delayed hypersensitivity skin responses are absent during visceral disease and frequently appear after successful therapeutic intervention (6, 21) . Furthermore, splenic and lymph node granulomas in acute infection are poorly organized and contain few lymphocytes (29) . Also, the possibility that generalized immunosuppression may accompany uncontrolled infection is suggested by the inability to achieve skin sensitization to dinitrochlorobenzene and suppressed peripheral blood mononuclear cell responses to PHA in patients with kala-azar (1, 6, 11 (27) . This discrepancy may be related to differences in antigen preparations, since in the present study these were aqueous extracts of each parasite stage. These antigen preparations were shown to elicit delayed hypersensitivity in normal mice after immunization with either amastigotes or promastigotes. The absence of in vitro spleen cell proliferative responses to leishmanial antigens might be related to the presence of parasite antigen within these cells. This possibility is currently being studied.
Evidence for other alterations in immune responses of L. donovani-infected BALB/c mice included suppressed responses to the nonspecific mitogen PHA. Similar findings in L. donovani-infected BALB/c mice of depressed spleen cell responses to concanavalin A have been reported by Murray and co-workers (22) . This phenomenon was observed as early as 2 weeks with all three parasite inocula, and the degree of suppression increased with duration of infection. These findings could not be attributed to decreased numbers of PHA-responsive T cells, as their numbers in spleens of infected mice did not differ from that of controls. On the other hand, splenic B cells and macrophages were increased at 8 weeks of infection.
An alternative mechanism of suppression which we are currently investigating relates to suppressive parasite factors in spleen cell cultures. The immunological observations noted above are consistent with both parasite-specific and generalized unresponsiveness during L. donovani infection of BALB/c mice. Despite these findings, the capacities to generate specific responses to defined non-parasite-related antigens were retained. Delayed hypersensitivity to the T cell-dependent antigen SWM and IgM responses to the B cell-dependent antigen SIII were intact. The dichotomous finding of an intact cell-mediated immune response to SWM in the absence of such responses to parasite antigens may, in the case of the latter, be related to suppressive factors within the parasitized spleen.
Several of the immunological findings in this study are comparable to those found in Leishmania tropica-infected BALB/c mice (14) (15) (16) 25) . L. tropica has only rarely been recognized to disseminate and visceralize in humans; however, the course of infection in BALB/c mice has been shown to result in fatal disseminated disease. Immunological phenomena described in these studies include (i) the absence of parasitespecific cellular immune responses during uncontrolled disease, apparently related to an antigen-specific suppressor T cell, and (ii) an indomethacin-sensitive splenic adherent cell that suppresses both specific and nonspecific responses (14) (15) (16) 25) . Although this immunosuppression appears similar to that observed in VOL. 38, 1982 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from BALB/c mice infected with L. donovani, the relationship of L. tropica infection in BALB/c mice to either murine or human infection with L. donovani is unknown. Furthermore, the immunogenetics of murine susceptibility to L. tropica (non H-2 related) are distinctly different from that of L. donovani (H-2 dependent) (3, 4, 14) . The pathological and immunological changes in BALB/c mice infected with L. donovani as described in this study resemble a number of the events occurring during human disease, including hepatosplenomegaly with hypergammaglobulinemia, absent DTH responses to leishmanial antigens during active infection, and the presence of parasite-specific humoral responses. Both hosts develop immunological alterations of a broader nature, as evidenced by suppressed spleen cell mitogenic responses in mice and decreased PHA responses of peripheral blood mononuclear cells in some patients with kalaazar. The study of L. donovani infection of BALB/c mice should prove useful in dissecting mechanisms of immune alterations and in establishing the relationship of immunosuppression to the development of disease.
